We report on the performance of a Micro-Hole & Strip Plate (MHSP) electron multiplier operating in pure Xe, Kr, Ar and Ne at the pressure range of 1 to 6 bar. The maximal gains at 1 bar Xe and Kr are 5x10 4 and 10 5 , respectively; they drop by about one order of magnitude at 2 bar and by almost another order of magnitude at 5-6 bar;
Introduction
Particular interest has been given lately to gas avalanche electron multipliers operating in noble gases and noble-gas mixtures. Relevant applications of such devices are in the fields of cryogenic detectors for neutrino physics, dark matter search and PET [1] [2] [3] [4] , gas photomultipliers [5] , X-ray and neutron imaging [6, 7] etc. The very simple high-purity noble-gas handling and their low aging under gas avalanche permit the design of sealed detectors with stable, long-term operation. However, charge multiplication in these media has been usually strongly limited by photon-and ionmediated secondary processes, which motivated recent studies to overcome this drawback.
Recently, progress has been made in high-gain operation of multi-GEMs (Gas Electron Multipliers) in noble gases and their mixtures, over a broad pressure range [7] [8] [9] [10] . The avalanche confinement within the GEM holes effectively hinders photonmediated secondary processes, allowing for reaching high gains even in highly UVemissive gases [11, 12] . In particular, detailed studies have been carried out to investigate the performance of single-and triple-GEM multipliers operated in highpressure noble gases [8, 13] .
A noticeable drawback of micropattern detectors such as Micro Strip Gas Chambers (MSGCs) and GEMs is the gain drop at elevated gas pressure, which is mainly due to the limited voltage that can be applied to the microstructure device before the discharge limit, and partly due to secondary photon-and ion-feedback effects. The only exception occurs with the light noble gases, helium and neon, where high gains were achieved at high pressures [8] . With a triple-GEM detector operating in heavy noble gases, Kr and Xe, a gain drop of four orders of magnitude was observed when increasing the pressure from 1 to 5 bar [13] , and gains below 10 were recorded at 5 bar.
Gains of 500 to 80 were measured in pure Kr, using a single-GEM multiplier, for respective pressures of 1 to 10 bar [8] .
The recently proposed Micro-Hole & Strip Plate electron multiplier (MHSP) [14] [15] [16] seems to be very adequate for the operation in high-pressure noble gases. It combines GEM-like and MSGC-like multiplying elements in a single structure, resulting in two successive multiplication stages: hole multiplication followed by anode-strip multiplication. The MHSP has good optical screening of avalanche photons and improved ion-blocking capability as compared to GEM [16] . It has fast signals [17] and good localization properties [15] ; it can operate as a single-element detector or as a final amplifying element in a cascaded multiplier [15, 16] .
The first attempts to operate a MHSP in Ar/50 mbar Xe mixtures at pressures between 1 to 7 bar, yielded maximal gains of about 10 3 at 7 bar [18] . The maximum achievable gain did not show significant pressure dependence up to 6 bar, above which there was a sharp drop, probably due to some discharge limits. Energy resolutions between 14% and 16% FWHM were recorded with 6 keV X-rays, up to 6 bar.
In this work we report on the performance of a single-MHSP multiplier, operating in pure noble gases, Ne, Ar, Kr and Xe, in a pressure range of 1-6 bar. The results are compared with those obtained with single-and triple-GEM multipliers.
Similarly to the results reported with triple-GEMs, the gain dependence on pressure is affected by the gas composition; higher gains were attained at high pressures in the lighter noble gases [13] .
Detector description
The detector is located within a stainless steel vessel, 10 cm in diameter, having Within the present studies, the detector was irradiated with 5.9 keV X-rays from a 55 Fe X-ray source with the 6.4 keV X-rays filtered by a chromium film. The primary electron cloud resulting from the 5.9 keV X-ray interactions in the drift region are focused into the holes where they undergo avalanche multiplication ( The electronic chain sensitivity was calibrated, for absolute gain determination, using a calibrated capacitor directly connected to the preamplifier input and to a precision pulse generator.
All the electrodes were independently polarized. The detector vessel, the 
Experimental results and discussion
In each set of measurements at a given pressure, a maximum voltage across the holes, V C-T , and across the strips, V A-C , was established. Different combinations of these two values were experimented in order to maximize the gain, without reaching the onset of discharge. V A-C was, then, gradually decreased, while keeping V C-T constant. The 5.9
keV X-rays pulse-height distributions were fitted to a Gaussian superimposed on a linear background and the peak centroid was monitored as function of V A-C . For each gas, V TOP was increased with pressure so that the reduced electric field in the drift region was only mildly decreased. Values in the range of 100-75 Vcm -1 bar -1 were used for Xe, Kr and Ar fillings, and of 60-50 Vcm -1 bar -1 for Ne fillings, respectively.
In Fig.2 a-d Compared to the triple-GEM multiplier, the MHSP presents a much slower decrease of the maximum gain with increasing pressure, in Xe, Kr and Ar. The main reason for this difference is related to the total voltage that can be applied to the multipliers as the pressure increases.
The maximum operation voltage that can be applied to the MHSP is presented in Fig.4 as a function of the pressure for the different gas fillings, together with the maximum voltage that can be applied across each GEM, in a triple-GEM mode [13] and in a single GEM, in Kr [8] . While in the MHSP the maximum applicable total voltage steadily increases with pressure, from values around 600 to around 1100V for Xe, Kr and Ar, the maximum voltage difference applicable across each GEM, in a triple-GEM cascade, saturates when the pressure increases above 2, 3 and 4 bar for Xe, Kr and Ar, respectively [13] . This last effect is attributed to ion-induced electron emission, occurring in noble gases, due to ion feedback from the last to the preceding GEMs [7] , which limits the maximum applicable voltage [13] . This effect is considerably reduced in single-element multipliers such as single-GEM [8] and MHSP. On the other hand, for high pressure Ne, the maximum applicable voltage is fairly pressure-independent, as in triple-GEM operating in Ne and He [13] .
Studies on the electron avalanche mechanisms have been recently performed [13, 19, 20] . For Xe, Kr and Ar the electron avalanche ionisation is determined by the electron-impact mechanism, which explains the maximum gain drop for high pressures as the maximum applied voltage does not increase as fast as pressure [13] . For dense light noble gases other mechanisms, such as associative ionisation and/or penning ionisation with impurities, predominate over electron-impact ionisation [13, 19, 20] .
Conclusions
In this work we presented the characteristics of a MHSP electron multiplier operated in Xe, Kr, Ar and Ne at pressures ranging from 1 to 6 bar. It was shown that in most cases, this single-element multiplier yielded higher gains than those reached with single-and triple-GEM elements. This could originate from the particular MHSP's geometry; the two amplification stages separated by only a few tens of microns, resulting in a more efficient electron transfer from stage to stage compared to that occurring in multi-GEM cascades [21] .
The gas gain at 1 bar is about 5x10 4 for Xe, and higher than 10 Compared to a single-GEM operated in pure Kr, the MHSP yields gains that are more than two orders of magnitude higher, at 1 bar; the MHSP's maximum gain decreases faster with increasing pressure, resulting in only one order of magnitude gain difference between the two at 6 bar. ; broken linestriple-GEM detector [13] and single-GEM detector in Kr [8] . ; broken lines -total voltage applied across each GEM, in a triple-GEM [13] and in a single-GEM in Kr [8] .
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